INTRODUCTION
Keywords : Mycoplasma gallisepticmz, mapping, adhesin, immune evasion, multigene family A common feature of diseases caused by mycoplasmas is their chronicity. However the basis of the pathogenesis of mycoplasmosis, and in particular the ability of such apparently defenceless organisms to persist in the face of an active immune response by the host, has resisted explanation. In recent years, variable expression of surface antigens has been observed in a number of mycoplasma species, resulting in the hypothesis that immune evasion may be an important part of the pathogenesis of mycoplasmosis (Wise, 1993) . Among the species reported to exhibit such variable expression of antigens has been the major poultry pathogen, MJvcOplasrnagalliseptic~rn (Bencina e t al., 1994; Garcia e t al., 1994; Markham et al., 1992 Markham et al., , 1993 ; Yogev e t al., 1994).
We recently characterized the major surface antigen and haemagglutinin (pMGA) of M. gallisepticzmz strain S6 and identified and characterized the gene encoding it. In the course of these investigations a number of homologous genes were identified, all of which appeared to be translationally competent. In all, four pMGA genes were completely characterized, and a further four were partially characterized (Markham, 1995 ; Markham e t al., 1994) . The regions which were sequenced consisted entirely of pMGA gene sequence, each gene being approximately 2.1 kb in length and separated from the following pMGA gene by an intergenic region of about 350 bp. In the segments sequenced, all genes were arranged as tandem The GenBank accession number for the nucleotide sequence of probe 3 reported in this paper is L43361.
repeats. As much as 120kb of the genome appears to contain pMGA genes, suggesting that as many as 50 fulllength genes may be present in the S6 genome if they are 0002-0534 Q 1996 SGM all arranged as tandem repeats in a single locus (Markham et a/,, 1994) .
In further studies of the transcription of pMGA genes, we found that mRNAs encoding pMGA proteins are monocistronic, and that the vast majority of transcripts are derived from a single member of the family (Glew et a/., 1995) . In addition variation in expression of this gene has been shown to be influenced by exposure to antibody directed against pMGA (unpublished data). Thus, this multigene family has certain features that might be expected of an immune-evasion mechanism, namely selective expression of individual members of the family within different cells, and suppression of expression upon recognition by specific antibody.
In any study of the role of the pMGA family in the pathogenesis of mycoplasmosis, it is important to know the full genomic complement of pMGA genes. Furthermore, given the tandem arrangement of all known pMGA genes, it may be that the genomic organization of the family could explain the basis of control of expression of members of this family. Thus, the purpose of this study was to determine the number of members of the pMGA family in several epidemiologically distinct strains, and the genomic location and organization of pMGA loci in strain S6.
METHODS

Bacterial strains, cultural methods and preparation of DNA.
The strains of M. galliseptictrm used were S6, PG31, R, F, 80083, ts-11 and Ap3AS. PG31 (Edward & Kanarek, 1960) was obtained from Geoff Cottew, CSIRO, Parkville, Victoria, Australia, and the derivation of the other strains has been described previously (Kleven et a/., 1988a, b ; Soeripto e f a/., 1989; Whithear et af., 1990). All strains were grown until lateexponential phase in mycoplasma broth medium (Frey e t al., 1968) supplemented with 10 % (v/v) swine serum and cells were harvested by centrifugation at 16 000 g. Genomic DNA was prepared in agarose blocks. Briefly, cells were washed twice in PBS (140 mM NaC1, 2.7 mM KCl, 1.5 mM KH,PO,, 8.1 mM Na,HPO,) and then resuspended in PBS. The cell suspension was mixed with an equal volume of 2 % (w/v) low-meltingpoint agarose in PBS at 37 "C. The mixture was cast into blocks and allowed to set. The agarose blocks were incubated at 50 "C for 24-48 h in ESP solution [O-5 M EDTA, pH 9.2, 1 % (w/v) lauroyl sarcosine, 1 mg ml-' Proteinase K] with one change of solution. Plasmid DNA was purified using the method of Del Sal et al. (1988) .
Restriction endonuclease digestion, electrophoresis and Southern blotting. Slices from agarose blocks that had previously been equilibrated in T E (10 mM Tris base, 1 mM EDTA, adjusted to pH 8.0 with HCl) were incubated for 2 h in ZOO pl appropriate restriction endonuclease buffer supplied by the manufacturer. After substitution of fresh buffer, 8-30 U restriction endonuclease was added, and the mixtures were incubated at the recommended temperature for 18 h.
The number of pMGA genes in the genome of M. gallisepticum strain S6 was determined using genomic DNA digested with EcoRI or CfaI. The validity of the approach was assessed by using a cloned 9.7 kb EcoRI fragment of the genome digested with PstI, BgDI or EcoRI. In subsequent experiments to determine the number of pMGA genes in six other strains of M. gallisepticum, genomic DNA from each strain was digested with EcoRI. The agarose slices were melted at 60 "C and loaded on 0.6% agarose gels. The DNA fragments were separated by continuous field electrophoresis in TPE buffer (1-8 mM Tris, 0.05 mM Na,EDTA, 1.5 mM NaH,PO,) for 16 h at 2.5 V cm-l.
The location of pMGA genes on the chromosome of M. gallisepticum strain S6 was determined using genomic DNA digested with the restriction endonucleases Bgh, SmaI, SaA, XhoI and EagI, and combinations of these enzymes. The agarose slices were loaded into 1 % (w/v) agarose, 0.5 x TBE (1 x TBE = 89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8-3) gels and the DNA fragments were separated by clamped homogeneous electric field electrophoresis using a Bio-Rad CHEF DRIII. Electrophoresis parameters were varied to ensure maximum separation over required size ranges.
For Southern blots, gels were treated twice in 0.25 M HC1 for 10 min, and then in 0.4 M NaOH for a further 15 min. DNA transfer onto Hybond N+ membranes (Amersham) was achieved using 20 x SSC (3 M NaCl, 300 mM sodium citrate).
Hybridization to pMGA gene probes. To determine the number of pMGA genes in the genome the blots were hybridized to an oligonucleotide probe, Oligol (5'-ACGAAC-CAATACCTAATAAACTAACAAA-3') complementary to a coding sequence conserved in all characterized pMGA genes, with the exception of the pMGAl.l gene whch has a single base-pair mismatch when hybridized with Oligol . The probe was radiolabelled by 5'-phosphorylation using polynucleotide kinase in the presence of [y-32P]ATP. Hybridization to this probe was for 16 h at 50 OC in Church buffer (Church & Gilbert, 1984) . Membranes were washed twice in 6 x SSC, 0.5 % (w/v) SDS, at 60 "C, then autoradiographed. Direct quantitative analysis of the membranes was performed using a Molecular Dynamics 400 series phosphorimager and subsequent analysis was with ImageQuant software. A second oligonucleotide, Olig02
(5'-GAAGAAGAAGAAGAAGAAGAAGAA-3') that hybridizes to an intergenic repeat motif found between all characterized pMGA genes, was used as a probe under the hybridization conditions described above, except that membranes were washed at 50 "C.
In experiments to determine the genomic location of pMGA genes in the S6 strain of M. gallisepticum the membranes were hybridized to three probes derived from cloned genomic fragments of the S6 strain. Confirmation that the cloned fragments contained members of the pMGA gene family was determined by DNA sequence comparisons. Probe 1 was a 3 kb PstI-EcoRI fragment containing most of the pMGAl.l gene (Markham e t al., 1994). Probe 2 contained the 5' end of the pMGAl.2 gene of strain S6, extending from nucleotide position 177 to position 1409 (Markham etal., 1993) . Probe 3 was a 16 kb Cia1 fragment that contained a 'pMGA-like' gene obtained by hybridization screening of a genomic library using probe 2. Membranes were hybridized with probes labelled by random hexanucleotide priming of DNA synthesis in the presence of [a- 32P]dCTP. Hybridizations were for 16 h at 50 "C in a buffer containing 6 x SSC, 0.5 YO SDS, 5 x Denhardt's solution and 100 pg ml-' denatured salmon sperm DNA. Membranes were washed twice under medium-stringency conditions (1 x SSC, 0.5% SDS, at 50 "C), or under high-stringency conditions (0.1 x SSC, 0.1 YO SDS, at 60 "C), and then autoradiographed.
Under medium-stringency conditions all cross-hybridizing, pMGA-gene-carrying fragments were detected, while under high-stringency conditions those fragments containing the probe sequence could be identified. These data enabled the linking of restriction fragments that contained the probes.
RESULTS
Number of pMGA genes in the 56 genome
A cloned fragment of the M. galliseptictlm genome which had been fully sequenced was used to assess the correlation between the intensity of the radioactive signal, as determined by phosphorimaging, and the number of copies of the conserved pMGA gene sequence on the Southern blot. Fragments containing one, two, three or four copies of the sequence were probed with oligonucleotide Oligol, as shown in Fig. 1 . The intensity of the signal from each fragment displayed a linear relationship between the number of copies of the sequence and the level of radioactivity.
The hybridization of the oligonucleotide Oligol to S6 genomic DNA digested with EcoRI or ClaI is presented in Fig. 1 . The intensity of the signal from each distinguishable band was determined for three replicate lanes on the same blot and the mean signal was determined as shown in Table 1 . Using the 9.7 kb EcoRI fragment [which from sequencing studies was known to contain four copies of the sequence (Markham et al., 1994) ] as an internal standard the number of copies of the sequence in each band was estimated (Table 1 ). The 9.3 kb EcoRI fragment produced a signal peak half the size of the 9.7 kb EcoRI fragment and thus was deemed to contain two copies of pMGA. As the signals from both the 9.7 and the 9.3 kb EcoRI fragments were incompletely resolved, it was considered more accurate to combine their signals and assume the mean area represented a total of six copies of pMGA (Table 1) . A 0 3 kb EcoRI fragment which also hybridized to Oligol was not included in this analysis because the signal observed was too weak and diffuse to enable it to be clearly defined from the background. The 22 kb ClaI fragment was known from restriction analysis to contain the 9.7 kb EcoRI fragment and so possessed at least four copies of pMGA (Table 1) . A total of 33 copies of the sequence were estimated to be present in the genome using the data from the EcoRI digestion, and 31 copies were estimated to be present using the data from the ClaI digestion. If the 22 kb ClaI fragment was assumed to contain five copies of the sequence, as could be inferred from sequence data (Markham e t al., 1994) , then 38 copies were estimated to be present using the ClaI digestion data. Similar estimates of the sequence copy-number were obtained from the EcoRI digestion data by determining the mean signal per copy by assuming the bands with the N. BASEGGIO a n d OTHERS EcoRI and probed with the oligonucleotide probe Oligol, is shown in Fig. 2(a) . The intensity of the signal from each distinguishable band was determined for two replicate lanes on the same blot and the mean signal was determined to estimate the number of copies of pMGA in each strain. The total number of copies of the sequence in the genome of each strain was estimated by using the integrated value for a selected DNA species, the size of which precluded possession of any more than one copy of the conserved pMGA signal sequence (that is less than 2.4 kb). The estimated number of copies of the sequence ranged from 32 in strain F to 70 in strain R ( Table 2 ). The hybridization patterns for each of the seven strains were unique with the exception of ts-11 and its parent 80083 which appeared to be identical (Fig. 2a) .
The second oligonucleotide, Olig02, hybridizes to the region located upstream to the structural pMGA gene that contains a variable number of GAA trinucleotide repeats. The hybridization patterns of all seven strains were very similar when using either Oligol or Olig02 oligonucleotides as probes (Fig. 2) . This similarity suggested that Oligol bound specifically to genes within the pMGA family and that the GAA repeats are a feature common to most, if not all, pMGA genes in M . gallisepticzrm and furthermore were restricted to these genes. The membrane probed with the Olig02 oligonucleotide was not used to estimate the number of copies of pMGA genes because there is the potential for more than one oligonucleotide to bind to a single stretch of GAA repeats. Indeed, this most probably explains the increased intensities of some of the common bands when probed with Olig02. The other apparent difference in the hybridization patterns was the occurrence of fragments which only hybridized to one of the oligonucleotide probes. The presence of an EcoRI site situated between the two sites of oligonucleotide hybridization offers the most plausible explanation. This is supported by the presence of some fragments that contain only one copy of pMGA using Oligol and are not detected by Olig02.
Genomic location of members of the pMGA gene family in strain 56
It was of interest to locate the pMGA genes on the S6 chromosome as the identity of the expressed pMGA gene was known and its sequence has been determined (Markham e t al., 1994) . In addition, there were two restriction maps available for the S6 chromosome to aid mapping the multigene family (Chen, 1992 ;  Gorton et a/., 1995). The fragments of the strain S6 genome which hybridized to the pMGA gene probes were determined by comparison of photographs of the ethidium bromide stained gels to the autoradiographs of the blot of the gel after hybridization. An example of the data is shown in Fig. 3 . The estimated sizes of fragments hybridizing to the pMGA gene probes are shown in Table 3 . The restriction fragments are identified by the convention of alphabetically labelling them from largest to smallest. These data were used to establish restriction endonuclease maps for the regions of the genome containing pMGA genes. The pMGA multigene family was present on the two largest SmaI fragments SmA and SmB, which together represented over half of the total S6 genome. Finer mapping using double-digests and high-stringency $ Probe 3 contains a Jan: site. § Only one of the two 50 kb XboI fragments hybridize to the pMGA gene probes.
washes of membranes identified four distinct regions to which the pMGA genes were located. Use of the three probes with high-stringency washes enabled the linkage of restriction fragments ( Table 3 ). The regions of the map to which the pMGA genes hybridized are shown in Fig. 4 . The pMGA multigene family extended over 597 kb of the 1030 kb S6 chromosome with the loci confined to four distinct regions totalling 312 kb.
DISCUSSION
The work described in this paper has determined that the pMGA multigene family is second only in size to the tRNA family amongst prokaryotes and that the pMGA genes are clustered in four regions on the chromosome of S6. The genomic sizes of M. gallisepticzrm strains S6, PG31 and R range from 998 to 1054 kb (Chen, 1992; Gorton et al., 1995; Tigges & Minion, 1994) . It is remarkable that such a large multigene family should be present within one of the most genetically simple bacteria. Assuming the size of all pMGA genes to be similar to the four for which the complete sequence has been determined (2.4 kb), approximately 79 kb (7.7%) of the genome of M.
gal/ixeptictlm strain S6 encodes variants of this one surface protein. For PG31, 82 kb (8.2%) of the genome is dedicated to encoding pMGA. Strain R has up to 70 copies of pMGA that would account for 168 kb or approximately one-sixth of the genome. It is interesting to note that the two most virulent strains used in our study, R and Ap3AS, also possessed the largest pMGA complement. The association of virulence and pMGA copy number will require further investigation. The second largest multigene family thus far characterized in prokaryotes is the dcr gene family of Desulfoovibrio vdgaris Hildenborough which has 16 members (Deckers & Voordouw, 1994) . All the M. galliseptictlm strains used in this investigation had at least 32 members, and in some strains the size of the pMGA family approached that of the tRNA gene family of Escbericbia coli (Komine et a/., 1990).
There are two available restriction maps for M. galliseptictlm strain S6 (Chen, 1992; Gorton e t al., 1995) . The only restriction endonuclease used in common for mapping by both was SmaI. Unfortunately, the relative order of SmaI fragments differ, although the size estimates of the fragments are similar. The discrepancy in the maps in the region of the pMGA loci is in the relative positions of S m A and SmB fragments. In the map by Chen (1992) the SmA and SmB fragments are adjacent (as depicted in Fig. 4 ), while the map by Gorton etal. (1995) has the 10 kb SmG fragment separating SmA and SmB. The location of SmG, which does not contain any pMGA genes, does not affect the mapping data we present in this paper. This investigation was unable to provide evidence to support either map, as our data can be placed on both.
The conclusions drawn from this study assumed that the conserved sequence on which the oligonucleotide probe was based, occurred once in all members of the pMGA family and the oligonucleotide probe bound equally well to each copy. The validity of these assumptions was supported by further analysis of the data generated in the study. Firstly, comparison of the number of pMGA genes estimated to be present in each EcoRI fragment of the strain S6 genome to the size of the fragment revealed that only one fragment was estimated to contain more pMGA genes than its size would allow. Indeed, in most cases the fragments were estimated to contain the same number of pMGA genes as would be predicted if they were composed entirely of tandem repeats of members of the pMGA family. Secondly, the concordance between the hybridization patterns produced by Oligol (based upon the consensus pMGA leader sequence) and Olig02 (encompassing the GAA repeats) was excellent (Fig. 2) . Very few fragments deviated between the two. Thirdly, the mapping studies showed that the pMGA-like regions were clustered on the genome, as would be expected if the family members were predominantly organized as tandem repeats, as seen in the regions of the pMGA locus which had been sequenced. This analysis not only supports the validity of the assumptions, but also implies that the findings established from restricted sequencing of the pMGA gene family are representative of the family as a whole.
These studies have demonstrated that the size of the pMGA family varied considerably between strains. Examination of the sequence of several pMGA genes revealed that each gene was bracketed by a variable number of tandem repeats of the sequence GAA. The presence of GAA repeats contribute to an open structure in supercoiled DNA (Hanvey e t al., 1988) , and thus it may be that these repeats, which are adjacent to the site of transcriptional initiation, serve a role in transcriptional regulation. Our data indicates that the GAA repeats are present in the putative regulatory DNA of all the members of the pMGA gene family and are probably unique to them. It may be that this region also serves as a site for frequent recombination events which facilitate gene duplication and deletion. Such events would account for the clustering of pMGA genes on the genome.
Only one pMGA gene appears to be expressed at one time, and the basis of this selective expression is control of transcription (Glew e t aj., 1995). However, there was no evidence from these studies that the expressed gene, pMGA1.l, had a unique location in the genome which may account for its selective transcription. Furthermore, other studies, conducted within our laboratory, failed to find any evidence for genomic rearrangement in the region of the expressed gene. Thus, the explanation for selective transcription of individual pMGA genes would appear to lie in the intergenic region immediately adjacent to the expressed gene.
The size of the pMGA gene family, the circumstantial evidence that most, if not all, members of the family are a similar size, and the apparent translational competence of all characterized genes in previous studies, point to the significance of this multigene family, and the structures it encodes, to the survival of M . galhepticum. The ability to present up to 70 different variants of an adhesin to the host immune system could be predicted to offer a considerable advantage to a pathogen.
